Magnetic sensors are important for detecting nuclear magnetization signals in nuclear magnetic resonance (NMR). As a complementary analysis tool to conventional high-field NMR, zero-and ultralow-field (ZULF) NMR detects nuclear magnetization signals in the sub-microtesla regime. Current ZULF NMR systems are always equipped with high-quality magnetic shieldings to ensure that ambient magnetic field noise does not dwarf the magnetization signal. An alternative approach is to separate the magnetization signal from the noise based on their differing spatial profiles, as can be achieved using a magnetic gradiometer. Here, we present a gradiometric ZULF NMR spectrometer with a magnetic gradient noise of 17 fTrms cm −1 Hz −1/2 in the frequency range of 100-400 Hz, based on a single vapor cell (0.7×0.7×1.0 cm 3 ). With applied white magnetic-field noise, we show that the gradiometric spectrometer achieves 13-fold enhancement in the signalto-noise ratio (SNR) compared to the single-channel configuration. By reducing the influence of common-mode magnetic noise, this work enables the use of compact and low-cost magnetic shields. Gradiometric detection may also prove to be beneficial for eliminating systematic errors in ZULF-NMR experiments searching for exotic spin-dependent interactions and molecular parity violation.
I. INTRODUCTION
Nuclear magnetic resonance (NMR), conventionally operated in large magnetic fields (∼ T), is a powerful analytical technique in chemistry, biology, and medicine [1] [2] [3] . Zero-and ultralow-field (ZULF) NMR [4] [5] [6] [7] [8] [9] offers improved spectral resolution and untruncated spin interactions. Combining with recently developed quantumcontrol techniques [10] [11] [12] [13] [14] , ZULF NMR serves as a complementary tool to conventional high-field NMR. For example, the absence of a large applied magnetic field allows for the measurement of antisymmetric spin-spin couplings, which are related to chirality [15] and have been proposed as a means for detecting molecular parity nonconservation [16] . Furthermore, ZULF NMR has been recently applied to searches for axion and axion-likeparticle dark matter [17] and the nuclear spin-gravity coupling [18] .
ZULF NMR typically involves low frequencies, so noninductive sensors are necessary for detection. Early ZULF NMR systems used superconducting quantum interference devices (SQUIDs) as magnetic field sensors [19] [20] [21] [22] . One drawback is that SQUIDs must operate under cryogenic conditions. Recent years have seen increased developments in atomic magnetometers [23] , both in sensitivity and portability. A spin-exchange * teng@uni-mainz.de † xhpeng@ustc.edu.cn relaxation-free (SERF) atomic magnetometer [24] [25] [26] , with a measurement volume of 0.45 cm 3 , has a demonstrated sensitivity of 0.16 fT Hz −1/2 , comparable to the most advanced SQUIDs. SERF atomic magnetometers have been recently used in ZULF NMR to detect pure J-coupling spectra at zero-field [27, 28] and determine spin-coupling topology at near-zero magnetic field [29, 30] .
In ZULF NMR, the noise level of a measurement is frequently dominated by the ambient magnetic field noise. Although such noise can be suppressed with magnetic shields, there is additional magnetic field noise due to Johnson currents from the shields themselves [31] . There is also magnetic field noise from heaters, thermistors, and the magnetic nulling coils. To reduce this noise, we use a gradiometric NMR spectrometer which is based on a two-channel SERF atomic magnetometer. Important steps towards multi-channel magnetometers have been shown [25, 26, [32] [33] [34] . Compared with previous ZULF-NMR spectrometers [6, 9, 27, 28, 30] , our gradiometric spectrometer is sensitive to the magnetic field gradient produced by the NMR sample but insensitive to homogeneous magnetic fields. The magnetic-field gradient noise level is measured to be 17 fT rms cm −1 Hz −1/2 , which is less than the typical magnetic field gradient produced by NMR samples, e.g., 4 pT rms cm −1 Hz geneous white magnetic field noise, with noise spectral density ∼ 0.3 pT rms Hz −1/2 , comparable to that in an unshielded environment [35, 36] .
II. EXPERIMENT
The apparatus of the gradiometric spectrometer is shown in Fig. 1 . The sensor consists of a ( 87 Rb) vapor cell, with an outer dimension of 0.7×0.7×1.0 cm 3 and a wall thickness of 1 mm. The cell is optically pumped with a circularly polarized laser beam propagating in the -z direction. The laser frequency is tuned to the center of the buffer-gas (500 torr N 2 ) broadened and shifted D1 line of 87 Rb. The magnetic field is measured via optical rotation of linearly polarized probe laser light at the D2 transition propagating in the x direction. The probe beam is expanded to have a diameter of 0.8 cm, which is able to cover the inner area of the vapor cell. After the cell, the probe beam is split into two channels, top and bottom channels, respectively, with a sensing volume of 0.1 cm 3 for each channel, using a D-shaped mirror. Gradiometric measurements are performed by taking the difference between the top-and bottom-channel signals. Each channel operates as a SERF [24, 37] magnetometer, as described in [9] . The inclusion of the buffer gas sets the diffusion length of rubidium atoms in one relaxation time to be about (DT 2 ) 1/2 ≈ 0.01 cm (D is the diffusion constant [38] and T 2 is the atomic spin relaxation time), which is much smaller than the spatial separation of the two channels (∼ 0.4 cm). As a result, each channel provides a local measurement of the magnetic field. It is worth noting that the rubidium atoms in both channels have the same buffer-gas broadened and shifted resonance profile. This is beneficial for cancelling some common-mode technical noise such as the intensity noise of the pump beam. The CMRR for the gradiometric NMR spectrometer under the application of white magnetic noise with different amplitudes. In the frequency range between zero and 40 Hz, the noise is mainly dominated by non-common-mode noise, which deteriorates the CMRR.
III. RESULTS AND DISCUSSION
Figure 2(a) shows the magnetic field noise of the apparatus. A single channel has a noise level of about 14 fT rms Hz −1/2 , which is dominated by Johnson noise of the shield (Twinleaf MS-1) and is estimated to be ∼ 13 fT rms Hz −1/2 for the shield with an inner diameter of 14.7 cm [31] . We perform the gradiometric measurement by taking the difference between top-and bottomchannel signals after calibrating the phase and amplitude of the channels (see Supplementary Information [39] ). The subtraction of top and bottom channels gives a noise floor of ∼ 7 fT rms Hz −1/2 , which is dominated by the intensity noise of the proble beam. Dividing the noise floor by the spatial separation between the two channels gives the magnetic gradient noise of the gradiometric spectrometer, which is ∼ 17 fT rms cm −1 Hz −1/2 from 100 to 400 Hz.
The common-mode noise rejection ratio (CMRR), which represents the ability to suppress common-mode magnetic field, is measured by applying a white magnetic field noise to our magnetometer through low-inductance Helmholtz coils (along the y direction) with a diameter of ≈ 7 cm. The white magnetic field noise is generated from a function generator (DS345, Standford Research Systems) and is calibrated based on the response of the Helmholtz coils. Since the noise floor of the difference of the two channels is no longer dominated by commonmode magnetic field noise, Figure 2 (b) shows that the CMRR depends on the amplitude of the applied white noise. For a white noise with an amplitude spectral density of 6 pT rms Hz −1/2 , the CMRR reached the maximum measured value, below 40 in a frequency range between 0 and 40 Hz, and about 40 in a frequency range between 40 Hz and 400 Hz. A CMRR larger than 100 can be achieved by closed-loop operation [34] , in which the signal is more robust against changes in sensor parameters than in the case of open-loop operations.
In order to improve the ability of the gradiometric NMR spectrometer to suppress the common-mode magnetic field noise, it is necessary to calibrate and zero the phase difference between the two channels. The procedure for phase-difference calibration is described in detail in the Supplemental Material [39] . The phase difference originates from the different dynamic response of the two channels and could be measured by applying an oscillating y-magnetic field at different frequencies. Fig. 3 shows that the phase difference between the two channels is a function of frequency f , and can be fitted with arctan[
Here, A and B are the bandwidths for the top and bottom channels, respectively. The fit indicates that A = 206.9 Hz and B = 148.9 Hz. The difference in the bandwidth is due to the unevenly distributed power of the pump beam in the two channels. The maximum phase difference ≈ 0.16 rad happens when the frequency is f = √ A · B ≈ 175.5 Hz. Based on these parameters, we can zero the phase difference between the two channels at different frequencies.
The gradiometric spectrometer is used to detect ZULF-NMR signals. NMR samples (typically ≈ 200 µL) in standard 5-mm glass NMR tubes are polarized in a Halbach magnet (polarization field B p ≈ 2.0 T), after which the samples are shuttled into the magnetically shielded region, such that the bottom of the sample tube is n (1+ j j I jy ) with j = γ j B p /k B T ∼ 10 −5 , γ j denotes the gyromagnetic ratio of the ith spin, k B is the Boltzmann constant, T is the temperature of the sample, and I j = (I jx , I jy , I jz ) is the spin angular momentum operator of the ith spin. Approximating the NMR sample as a sphere, the magnetic moment due to the sample magnetization is m = (4πr 3 0 /3)M, where r 0 is the radius of the sample, and M is the magnetization. The magnetic field originated from the sample at the location of the sensor is
where µ 0 is the permeability of vacuum,n is the unit vector pointing from the sample to the sensor and r is the distance between them. In our case,n = −ŷ. Our gradiometric NMR spectrometer is sensitive to magnetic field along y-axis, thus the measured signal from the nuclear magnetization has the form of
In our setup, r 0 = 0.21 cm and r = 0.85 and 1.25 cm for the top and bottom channels, respectively. Notably, there exists up to 50% loss of NMR signals due to the gradiometric configuration. This can be circumvented by slightly increasing the spatial separation between the two channels. For example, the loss in the NMR signal can be reduced to 10% when the separation is increased to 1.0 cm. Zero-field NMR spectra of 13 C-methanol (a-c) and a portion of the spectra of fully labelled acetonitrile (from 110 to 160 Hz) (d-f). Each spectrum is the averaged result from eight transients. White magnetic-field noise is applied though Helmholtz coils along the y-direction. At zero magnetic field, the spectra of 13 C-methanol ( 13 CH3OH) are observed in top (a), bottom (b), and gradiometric (c) channels, respectively. The portion of the spectra of fully labelled acetonitrile ( 13 CH3 13 C 15 N) are observed in top (d), bottom (e), and gradiometric (f) channels, respectively. Both (c) and (f) show that the gradiometer channel improves the SNR and reduces the spurious lines (the harmonics of 50 Hz). The full spectrum of 13 CH3 13 C 15 N is shown in the Supplemental Material [39] .
With the gradiometric NMR spectrometer, high-SNR NMR spectroscopy in the low-frequency regime can be achieved even in a noisy environment. ZULF-NMR spectroscopy of thermally polarized samples is discussed in Refs. [29, 30] . For a typical AX n system, where A and X are spin-1 2 particles, and each X couples to A with the same strength J, the resulting zero-field J-coupling spectra consist of a single line at J for AX, a single line at 3 2 J for AX 2 and two lines, one at J and the other at 2J, for AX 3 [6] . A single-shot NMR signal for 13 C-formic acid (H 13 COOH, from Sigma-Aldrich) obtained with our gradiometric NMR spectrometer is shown in Fig. 4 . White magnetic field noise is applied though Helmholtz coils along the sensitive y direction. The amplitude spectral density of the noise is about 0.3 pT rms Hz −1/2 . A clear oscillating signal can be observed from the gradiometric channel (Fig. 4c) , compared with the signals in the single channels (Fig. 4a and Fig. 4b ). As shown in Fig. 4(d-f) , the Fourier transform spectra consist of a single line at 221.9 Hz, and the SNR for single shot are {15.1, 6.0, 202.9} for the top, bottom, and gradiometric channels, respectively. This indicates a 13-fold improvement in the SNR of the gradiometric channel compared with that of the single channel. It is worth noting that the power-line-frequency noise (the harmonics of 50 Hz) are as well suppressed in the gradiometric channel.
We also use the gradiometric NMR spectrometer to measure molecules with more complex structures, as shown in Fig. 5 . For the AX 3 case, the zero-field NMR spectra of methanol ( 13 CH 3 OH, from Sigma-Aldrich) is shown in Fig. 5(a-c) . Each spectrum is the averaged re- sult from eight transients. Similarly, a white magneticfield noise is applied into the gradiometric NMR spectrometer. The observed SNR of the peak at 140.5 Hz are {13.7, 7.8, 68.2} and at 281.1 Hz are {12.9, 5.9, 82.2}. We present a simple rule to identify noisy peaks by comparing their gradient ratios with the expected value: In Fig. 5 (a) and 5(b), a dubious line at 117.7 Hz exists in both channels and the amplitude ratio between topand bottom-channel signals is nearly one, which is sufficiently smaller than the expected signal amplitude ratio of the top and bottom channels. This provides a good-confidence approach to distinguishing lines of spurious origin from NMR signals. Figures 5(d-f) show the partial zero-field spectrum of fully labeled acetonitrile ( 13 CH 3 13 C 15 N, from Sigma-Aldrich) in the range of 110 Hz to 160 Hz. The full spectrum of 13 CH 3 13 C 15 N is presented in the Supplemental Material [39] . The SNR of a peak at 131.0 Hz are {23.7, 12.0, 52.0}. The spurious peak at 150 Hz, which is close to one of the NMR peaks, is efficiently suppressed in the gradiometric channel.
Ultralow-field NMR spectroscopy can be used for the identification of spin-coupling topology [29, 30] . In the presence of a small magnetic field B z , the degenerate eigenstates of 13 C-formic acid split into corresponding manifolds. In Fig. 6(a) and (b) , the single-shot timedomain NMR signals are perturbed by the ambient magnetic field noise. However, we observe an obvious beating by using the gradiometric NMR spectrometer, as shown in Fig. 6(c) . In Fig. 6(f) , a doublet with frequencies [30] J ± B z (γ H + γ C )/2 is visible with a higher SNR than those in Fig. 6 (d) and 6(e). Here, γ H and γ C denote the gyromagnetic ratios for proton and carbon spins, respectively. The frequency splitting of the doublet is measured to be ∆ = B z (γ H + γ C ) = 1.724(2) Hz and then B z is calculated to be 32.36(4) nT. The doublet displays an asymmetry, i.e., the amplitude ratio between peaks at J ± B z (γ H + γ C )/2 is about 1 : 0.7. In previous works on ultralow-field NMR using SERF atomic magnetometers [30, 40] , the asymmetry was also observed in the spectra. Evaluating high-order corrections to the eigenstates, the asymmetry of the doublet is found to be 2 J ∆ ≈ 1.5%, which is sufficiently smaller than the experimentally observed value (≈ 35%). We found that the asymmetry is due to changes in the sensitive directions in the SERF atomic magnetometers, i.e., the SERF magnetometer is not only sensitive to magnetic signals along the y axis, but simultaneously sensitive to the signals along x axis when a z-magnetic field is applied (see Supplemental Material [39] ).
IV. CONCLUSIONS AND OUTLOOK
We have experimentally demonstrated a gradiometric NMR spectrometer with a magnetic gradient noise of 17 fT rms cm −1 Hz −1/2 and a measurement volume for a single channel of 0.1 cm 3 . With this device, we have demonstrated SNR-enhanced NMR spectroscopy in the presence of environmental noise. This opens the possibility of making a robust and portable NMR spectrometer, particularly in an unshielded environment where large common-mode magnetic field noise is introduced. Our spectrometer is at an early stage of development, and many improvements are possible. The amplitude of ZULF NMR signals can be maximized by applying suitable magnetic field excitation pulses [8, 27] . With more optimization, such as decreased probe-beam fluctuations, uniform pump laser power and optimized spatial separation between the two channels, the gradiometric NMR spectrometer could be capable of detecting NMR signals from samples with natural isotopic abundance for dilute nuclei, which are convenient for chemical analysis. The gradiometric technique is not restricted just to the detection of NMR, but also opens up avenues of investigations of samples that generate magnetic field gradients, such as magnetic nanoparticles used in biomolecular labelling and cell separation [41] [42] [43] . Moreover, recent theoretical work suggests that it is possible to measure molecular chirality and parity non-conservation effects in ZULF NMR [15, 16] . Observation of such effects requires an oriented sample that can be obtained by applying a strong electric field, which creates unavoidable magnetic field noise [44] . An optimized gradiometric spectrometer is promising for sensing such chirality and parity non-conservation effects while remaining robust against background magnetic field noise.
